We have used laser-capture microdissection and microarray hybridization to characterize gene expression in the three principal neuron layers of rat hippocampus. Correlative and clustering analyses revealed all three layers to be easily differentiated from one another based on gene expression profile alone. A greater disparity in gene expression exists between dentate granule and pyramidal cell layers, reflecting phenotypic and ontological differences between those cell populations. Remarkably, the level of more than 45% of expressed transcripts was significantly different among the three neuron populations, with more than a third of those (>1,000 transcripts) being at least 2-fold different between layers. Even CA1 and CA3 pyramidal cell layers were dramatically different on a transcriptional level with a separate analysis indicating that nearly 20% of transcripts are differentially expressed between them. Only a small number of transcripts were specific for a given hippocampal cell layer, suggesting that functional differences are more likely secondary to wide-ranging expression differences of modest magnitude rather than very large disparities in a few genes. Categorical analysis of transcript abundance revealed concerted differences in gene expression among the three cell layers referable to specific cellular pathways. For instance, transcripts encoding proteins involved in glucose metabolism are most highly expressed in the CA3 pyramidal layer, which may reflect an underlying greater metabolic rate of these neurons and partially explain their exquisite vulnerability to seizure-induced damage. Conversely, transcripts related to MAP kinase signaling pathways and transcriptional regulator activity are prominent in the dentate granule cell layer, which could contribute to its resistance to damage following seizure activity by positioning these neurons to respond to external stimuli by altering transcription. Taken together, these data suggest that unique physiological characteristics of major cell layers, such as neuronal activity, neuronal plasticity, and vulnerability to neurodegeneration, are reflected in substantial transcriptional heterogeneity within the hippocampus.
Introduction
Pathophysiology in the hippocampus underlies abnormal neurological function in many human diseases, including epilepsy and stroke. Abnormal hippocampal morphology and aberrant neuronal excitability are well-described in temporal lobe epilepsy and thought to underlie epileptogenesis. The hippocampus is exquisitely vulnerable to hypoxic and ischemic insults leading to cognitive and psychiatric disturbances in stroke patients. Interestingly, in both settings, pathophysiology in the hippocampus is not uniform, but heterogeneous among the principal hippocampal cell layers. For example, granule cells in the dentate gyrus are remarkably resistant to neuronal damage caused by most insults, including hypoxia/ischemia and seizures (Borges et al., 2003; Mathern et al., 1995; Ordy et al., 1993) . Conversely, pyramidal neurons in the CA3 region of Ammon's horn are extremely vulnerable to seizure-induced or trauma-induced damage, and CA1 pyramidal neurons are sensitive to both hypoxia/ischemia-and seizure-induced neurodegeneration (Borges et al., 2003; Mathern et al., 1995; Maxwell et al., 2003; Ordy et al., 1993) .
Differential susceptibility to dysfunction and degeneration is most likely due to the distinctive anatomical and physiological characteristics of neurons in the principal hippocampal cell layers, the circuitry and neurochemistry of which is well-described. Less defined is the library of mRNA transcripts available to hippocampal cells. Identification of hippocampal gene expression profiles is important not only to determine what cellular pathways may be affected by the unique characteristics of each cell layer, but also to determine if differential gene expression is in part responsible for the manifestation of those properties. A few investigators have begun to explore this issue. A "molecular atlas" of the hippocampus is beginning to be defined based primarily on in situ hybridization studies targeted by a microarray experiment performed on microdissected hippocampal regions (Lein et al., 2004; Zhao et al., 2001) . These data are convincing and intriguing, but only genes with dramatic differences between the cell layers have been investigated. More recently, laser capture microdissection (LCM) was used to compare gene expression between dentate gyrus and CA3 to demonstrate technical feasibility, but that study was performed on only a single rat (Datson et al., 2004) .
We have taken a broader approach to exploring the transcriptional neuroanatomy of the hippocampus by focusing less on the magnitude of individual transcript differences and more on concerted, broad-based differences between three main cell layers in the rat hippocampal formation: dentate gyrus granule cells (DG) and pyramidal cells from CA1 and CA3. We have found that gene expression profiles in different hippocampal cell populations are widely disparate, not only on a gene-by-gene basis, but also based on concerted differences in a restricted number of cellular pathways.
Methods

Animals and tissue preparation
All animal procedures were performed in accordance with NIH guidelines and were approved by the Emory University IACUC. The animals used in this study served as "shampreconditioned" rats in our previous study (Borges et al., 2007) . Briefly, on two consecutive days adult male Sprague Dawley rats (200-270 g) obtained from Charles River were intraperitoneally injected with approximately 1 ml phosphate buffered saline (PBS, pH 7.4) followed 90 minutes later by an injection of pentobarbital (40 mg/kg, i.p.). On the third day rats were decapitated after isoflurane anesthesia. Under RNase-free conditions, brains were removed and immediately frozen on dry ice. Fourteen micron frozen sections through the hippocampus were collected onto uncoated microscope slides, refrozen on dry ice, and placed in a −80 °C freezer. For staining, sections were fixed in ice-cold 70% ethanol for 2 min, rinsed with water, dipped in cresyl violet for Nissl stain, and dehydrated to xylene. Sections were dried in a fume hood and LCM performed within 24 hours (Goldsworthy et al., 1999; Greene et al., 2005) .
LCM, RNA isolation, and RNA amplification
Laser capture microdissection was performed using an Arcturus Pixcell IIe system with transmission illumination (Arcturus, CA) and the following parameters: spot size = 30 μm; power = 85 mW; and duration = 750-1200 μs (Emmert-Buck et al., 1996) . The three major hippocampal cell layers (DG, CA1, and CA3) were harvested from 2-3 sections from each animal (3.5-4.5 mm caudal to bregma) onto separate LCM HS Caps (Arcturus) ( Fig 1A) . Cells near the boundary between the regions were not dissected to ensure anatomical distinction. CA2 neurons were not collected due to inability to clearly differentiate this small subregion reliably in Nissl-stained sections. Total RNA was immediately extracted using the Extractsure adapter and PicoPure Isolation Kit (Arcturus) with DNase digestion (Qiagen RNase-free DNase Set), and stored at −80 °C until use.
Amplification of poly-A RNA was performed independently on each sample (Greene et al., 2005) . Total RNA was used as template in a reverse transcription reaction at 37 °C using the Superscript II cDNA Synthesis Kit (Invitrogen) and an oligo-dT 24 primer containing the T7 promoter (Proligo, LLC). Second strand synthesis was performed at 15 °C with E. Coli DNA polymerase. Ends were polished with T4 DNA polymerase, and the product was isolated using the Qiaquick PCR purification Kit (Qiagen). In vitro transcription of the template was performed overnight at 37 °C using the Megascript T7 Transcription Kit (Ambion). aRNA was isolated using the RNeasy Kit (Qiagen) and used as template for a second reverse transcription reaction with random hexamers (5 ng/μl) for priming. Following RNaseH digestion of the parent strand, second strand synthesis was performed at 15 °C with E. Coli DNA polymerase and the oligo-dT 24 primer. Ends were polished with T4 DNA polymerase, and the product was isolated using the Qiaquick PCR purification Kit (Qiagen). Product quality was assessed after both rounds of cDNA synthesis using endpoint PCR for neuron specific enolase. The degree of amplification using this procedure was on the order of 3 × 10 5 fold, and products of amplification were from 250-2000 bases long.
Microarray hybridization
Sample labeling, microarray hybridization, and preliminary analyses were performed by the NINDS NIMH Microarray Consortium at the Translational Genomics Institute in Phoenix, AZ (TGEN; http://arrayconsortium.tgen.org). Briefly, we sent the Consortium second round cDNA, which was used to produce biotinylated cRNA using the EnzoBioArray High Yield RNA Transcript Labeling Kit (Affymetrix, CA). Samples (10 μg) were hybridized to Affymetrix Rat RAE230A Gene Chips. The RAE230A is a high-density microarray that surveys more than 10,000 unique transcripts. Chips were developed, scanned, and normalized by global scaling. Visual inspection was performed to identify arrays with production defects or uneven hybridization. Image files and data from all hybridizations are available online at the TGEN website.
The relative abundance of each probe set and an evaluation of whether a particular transcript was expressed above background were calculated using Microarray suite (MAS 5.0, Affymetrix). The assignment of each probe pair on the Rat RAE230A GeneChip to a gene was originally based by Affymetrix on the sequences available in Unigene build #99. The probe pair assignments have not been updated by Affymetrix, and approximately 11% of the original accession numbers assigned to probe sets on the Rat RAE230A chip either match fewer than half of the probe pairs in the corresponding set or are retired from current databases. Dai et al. created a custom CDF file based on Unigene build 154 (http://brainarray.mbni.med.umich.edu/Brainarray/Database/CustomCDF/ genomic_curated_CDF.asp) that can be read by the MAS 5.0 program to assign signal intensities of each probe pair to genes (Dai et al., 2005) . All probe pairs for a particular transcript are pooled into a single probe set, which eliminates duplicate or triplicate instances of genes on the Chip. Moreover, probes hybridizing to the non-coding strand of a transcript are deleted from analysis, which greatly reduces the number of expressed sequence tags (ESTs) called. Discrimination scores of the signal intensities for each spot on an individual chip were determined to be significantly different from background (i.e., present, marginally present, or absent calls) using a one-sided Wilcoxon's Sign Ranked test. We selected genes for subsequent analyses if signal intensities were significantly above background in 65% of arrays from at least one region.
When necessary, conversion from Unigene ID to other public ID types (e.g., gene symbol or GenBank Accession number) was performed using the Database for Annotation, Visualization, and Integrated Discovery (DAVID), available online at NIAID (http://david.abcc.ncifcrf.gov/) (Dennis et al., 2003) .
Statistical determination of differential expression
Genes that were differentially expressed among the three regions were determined by one way ANOVA with Benjamini-Hochberg (B-H) correction for multiple comparisons (Hochberg and Benjamini, 1990 ) using a false discover rate (FDR) = 1%. Separate unpaired, two-tailed t-tests with B-H correction (FDR = 1%) were performed to examine differences between dentate granule and pyramidal cell layers, and separately between CA1 and CA3 pyramidal neuron layers. Input for all analyses was a list of all expressed genes with corresponding log 2 transformed signal intensities from every sample.
Unsupervised hierarchical clustering analysis
Unsupervised hierarchical clustering was performed using GenePattern (http://www.broad.mit.edu/cancer/software/genepattern/index.html) using Pearson's correlation (Reich et al., 2006) . Input was a list of all expressed genes with corresponding log 2 transformed signal intensities from every sample.
Gene set enrichment analysis (GSEA)
Gene set enrichment analysis was performed using the GSEA-P software available at http://www.broad.mit.edu/gsea/ (Subramanian et al., 2005) . This method does not require prior statistical determination of which genes are differentially expressed, but instead evaluates all transcripts expressed above background. For this reason, GSEA provides a very sensitive approach to detecting broad expression differences in functional cellular pathways. Using GSEA, we compared the cell layer predominance of 522 predefined functional groups of transcripts or "gene sets" originally described by Subramanian et al (curated "c2" gene set from MSigDB 1.0) (Subramanian et al., 2005) . Input was a list of all genes expressed in at least one region with corresponding signal intensities for every sample. Default program settings were used for analysis, including a minimum gene set size of 15 to exclude very small sets. Gene sets with a nominal p-value < 0.05 and false discovery rate (FDR) < 0.3 were considered significantly different between groups, as suggested by Subramanian et al (Subramanian et al., 2005) .
Categorical analysis of differentially expressed genes using eGOn
Categorical differences between different layers were further examined using the web-based application eGOn (Explore Gene ONtology; http://www.genetools.microarray.ntnu.no/common/intro.php) (Beisvag et al., 2006) . eGOn automatically categorizes genes into gene ontology classifications under three main GO headings: biological process, molecular function, and cellular compartment, making it an excellent complement to GSEA. Two separate analyses were performed. First, transcripts that were significantly more abundant in the dentate granule cell layer were compared to those more abundant in pyramidal layers. Second, transcripts more abundant in CA1 were compared to those more abundant in CA3. All four lists of transcripts were determined by ttest as described above. Fisher's exact test was used to evaluate the statistical significance of categorical differences between layers. GO categories were considered significantly different from the whole if there was at least a 2-fold difference in abundance between layers and the p-value was < 0.01.
Results
LCM was performed on hippocampi from 10 rats ( Fig 1A) . All samples (CA1, CA3, and DG) from 7 rats met minimum standards for RNA and microarray hybridization quality. In addition, we obtained reliable data from CA1 and DG from rat number A3, CA1 from rat 6, and CA3 from rat A8. As such, we analyzed 9 CA1 samples and 8 samples each from CA3 and DG.
A total of 5982 genes (59% of transcripts assessed by the microarray) were expressed above background in at least one region of the hippocampus (Table 1) . The full dataset is available as Supplementary Table 1 . Unsupervised hierarchical clustering based on all expressed transcripts differentiated CA1, CA3, and DG by expression profile alone indicating consistent differences in gene expression among the cell layers ( Fig 1B) . CA1 and CA3 pyramidal cell layers more closely resembled one another than the dentate granule cell layer. Furthermore, although there was an excellent correlation between samples from the same region across different animals ( Fig 1C) , the correlation between regions, even from the same animal, was much less robust ( Fig 1D) . Lower interregional correlation resulted from the combination of a scattered few outlying transcripts exhibiting large differences between layers and a large number of transcripts exhibiting more modest differences.
Based on anatomy ( Fig 1A) , these samples are expected to be highly enriched, but not completely homogenous, populations of excitatory pyramidal or granule neurons. Gene expression data revealed the probable inclusion of some inhibitory neurons by detection of GAD1 (GAD67) mRNA in all cell layers (Table 2) . Several genes typically associated with glial cells were also expressed in these samples ( Table 2 ). As such, while the samples contain predominantly principal neurons, a portion of the gene expression signal is derived from other cell types.
We determined which transcripts were significantly different among layers using a one-way ANOVA with B-H correction. This analysis revealed a different level of expression between regions for 2838 transcripts (47% of expressed genes). At a false discovery rate (FDR) of 1%, only 29 of these are expected to be false positive differences. The median difference in transcript level between the highest and lowest expressing region was 1.8 fold. Data in Table  1 indicate a broad-based difference in gene expression between CA1, CA3, and DG, supporting the impression obtained from Fig 1. A large population of transcripts is enriched in certain hippocampal cell layers, including over 1,000 that are at least 2-fold different between layers. A very small proportion of transcripts were nearly specific for CA1, CA3, or DG (at least 32-fold different).
While this study was not primarily focused on detecting high-magnitude differences in individual transcripts, examination of transcripts at least 8-fold different among layers was helpful for validation purposes. Sixty-three were found in the Allen Brain Atlas, which is a compilation of serial mouse brain sections stained for nearly 20,000 individual transcripts created by the Allen Institute for Brain Science (Lein et al., 2007) . Given species and technical differences, the concordance between the methods was quite high. Our microarray data were qualitatively confirmed by the Atlas for 45 transcripts (71%). Ten transcripts (14%) appeared by visual inspection to be more homogeneous in the Atlas (Table 3) . Eight out of 54 (13%) appeared undetectable in the Atlas, suggesting that the microarray platform is somewhat more sensitive than in situ hybridization.
A direct comparison of dentate granule to pyramidal layers (CA1 and CA3) by t-test supported the results from the ANOVA, showing that 1683 transcripts (28%) were different between dentate granule neurons and pyramidal neurons. A separate analysis specifically of CA1 versus CA3 pyramidal neuron layers revealed that 19% of expressed transcripts were different by t-test even between those two similar populations.
1027 genes that were differentially expressed and at least 2-fold different between the highest and lowest layer (Table 1) underwent unsupervised hierarchical clustering using GenePattern 2.0. Similar to the clustering results obtained using every expressed gene ( Fig  1B) , clustering using transcripts with high magnitude differences between hippocampal cell layers consistently grouped samples from the same cell layer together, with pyramidal transcriptomes being more alike than their counterparts from the dentate (Fig 2) . Every permutation of anatomical gene expression pattern (e.g., DG>CA1>CA3; CA1=CA3>DG; etc.) was represented by numerous transcripts in the rat hippocampus.
Gene set enrichment analysis (GSEA) based on all expressed genes indicated that differences in gene expression profile between the three cell layers are based in part on concerted differences in a limited number of cellular processes (Table 4 ). The most prominent enrichments were in gene sets related to glucose metabolism in CA3 and an abundance of transcripts related to MAPK signaling and transcription factors in DG. Consistent CA3 enrichment of transcripts involved in glucose metabolism is apparent in a heatmap depicting relative expression of transcripts across cell layers (Fig 3) . A similar heatmap of the p38 MAP kinase pathway shows not only an overrepresentation of the pathway in the dentate granule layer, but also a qualitative difference between the two pyramidal populations (Fig 4) .
To complement the GSEA and further characterize the broad transcript differences between the hippocampal cell populations, direct comparison was made between dentate granule cell and pyramidal neuron layers and then between CA1 and CA3. Figure 5 summarizes categorical analysis of differentially expressed genes completed using eGOn. Transcripts related to transcription, DNA packaging, and kinase activity are consistently higher in DG. In particular, the p38 MAP kinase pathway is overrepresented. All categories were concordant with the results from GSEA. Glycolytic transcripts were significantly enriched in pyramidal neurons, as were transcripts encoding GTP-binding proteins.
The transcriptional differences between CA1 and CA3 pyramidal neuron layers are also broad-based. In particular, transcripts related to synaptic transmission and neurotransmitter release are dramatically overrepresented in CA3. Mirroring results from GSEA, no large categories were enriched in the CA1 layer.
Seventeen transcripts nearly specific for CA1, CA3, or DG, as defined by at least a 32-fold difference between regions, are presented in Table 5 . Several transcripts on this list have been previously described to be different between the cell layers (Chen et al., 1995; Datson et al., 2004; Lein et al., 2004; Paradis et al., 2004; Werner et al., 1991) , but most are novel. The consistency and magnitude of specificity is reflected in the representative graphs in Fig  6. 
Discussion
Understanding the normal transcriptional neuroanatomy of the brain is vital to generate deeper insight into CNS function in both normal and disease states. The hippocampus is an ideal structure in which to begin investigations due to its well-defined anatomy and extensively-studied physiology and pathophysiology. Using approaches for data acquisition and analysis that generate results more sophisticated than the simple distribution of individual transcripts, we have discovered a striking disparity in gene expression among hippocampal principal cell layers that is evident in the large proportion of individual genes that are expressed differently between the cell layers. More than 45% of genes expressed in at least one region are differentially expressed, and greater than 17% show at least 2-fold difference between regions. Furthermore, categorical analysis reveals that these differences are concerted in nature and encompass such fundamental areas of neuronal function as cell signaling, metabolism, transcriptional regulation, and neurotransmission. These data suggest that unique physiological characteristics of major cell layers, such as neuronal activity, neuronal plasticity, and vulnerability to neurodegeneration are reflected in, and likely caused by, substantial transcriptional heterogeneity of the hippocampus.
Previous expression profiling experiments of the hippocampus have not reported the same level of differential expression between principal cell layers (Datson et al., 2004; Lein et al., 2004; Zhao et al., 2001) . Datson et al. (2004) reported a differential expression rate between dentate and CA3 of about 17%, although that dataset was limited because it was derived from only one rat. However, the seeming disparity between our data and previous reports is most likely artificial, since prior analyses have highlighted high magnitude differences between the regions as opposed to taking into account the breadth of the observed differences. Comparison of our results to the Allen Brain Atlas, a library of nearly 20,000 in situ hybridization probes in the mouse, revealed good agreement between the two methods and was thus beneficial for validating both sets of results (Lein et al., 2007) . However, it should be stressed that as opposed to earlier hippocampal expression profiling efforts, our analysis is primarily centered on evaluating cellular pathways, instead of individual genes, and that analysis of expression data in this manner has been shown to be more robust than the more traditional method of 'validating' individual genes of interest using other techniques that are less sensitive, such as real-time PCR, Northern blotting, or in situ hybridization. Pathways analysis dramatically lowers false positive findings, increases power to detect true differences, and eliminates bias associated with arbitrarily highlighting individual transcript differences (Greene, 2006; Subramanian et al., 2005; Toronen, 2004; Ye and Eskin, 2007) . Since these results are dependent on accurate classification of genes based on function, it is important that comparison of our dataset to both a manually curated group of gene sets (GSEA) and the Gene Ontology hierarchy (eGOn) gave qualitatively similar findings.
Due to the LCM technique used for isolation of cell layers, the gene expression signal from these samples is derived primarily from principal excitatory cells (CA1 and CA3 pyramidal and dentate granule neurons). However, some inhibitory GABAergic interneurons were likely collected. GAD1 expression in the samples would tend to support that idea, but GAD1 is also expressed at low levels in DG neurons and processes (Sloviter et al., 1996) . Also relevant are transcript contributions from minor populations of glial cells interwoven with principal neurons in the three layers, particularly astrocytes and oligodendrocytes (Borges et al., 2006; Borges et al., 2007; Jorgensen et al., 1993; Ong and Levine, 1999; Shapiro et al., 2008) . As such, while these are highly enriched samples of principal neurons, they are not homogeneous, and the results should be interpreted with that in mind.
The results indicate that the dentate gyrus is substantially different from CA1 or CA3 pyramidal cell layers with regard to basal gene expression in several fundamental cellular pathways. For example, transcripts encoding members of the MAP kinase cascade are particularly prominent in the dentate. More specifically, transcripts involved in transforming growth factor beta (TGF-β) signaling through the p38 MAP kinase pathway account for a considerable fraction of that expression profile. Signaling via TGF-β has been implicated in the regulation of apoptosis, neurogenesis, and neuronal survival (Bravo et al., 2006; Lu et al., 2005; Zhu et al., 2004; Zhu et al., 2002) , and these data suggest the TGF-β pathway is an important part of the basal physiology of the dentate gyrus and its response to injury or insult. In addition, several members of this pathway, including TGF-β, MAPK, and MAPKAPK2, have previously been described to be induced in dentate granule cells by seizure activity (Garrido et al., 1998; Kim et al., 2002; Kodama et al., 2005; Vician et al., 2004) .
Concurrently, these data show that transcripts encoding proteins with transcriptional regulator activity are nearly three times more prominent in the dentate than in the pyramidal neuron layers. Relative abundance of transcripts related to mRNA metabolism and chromosome organization is even more lopsided toward the dentate. Transcription has been previously mentioned as a category that may be different between hippocampal layers, but this had not been previously demonstrated statistically (Lein et al., 2004) . In conjunction with the abundance of MAP kinase signaling transcripts, a wealth of transcription factor mRNAs suggests that dentate granule cells at baseline are poised to respond transcriptionally to external insults and stimuli. This is particularly interesting given our recent results which indicate that hippocampal neuroprotection following seizure preconditioning is associated primarily with a dramatic alteration in DG gene expression (Borges et al., 2007) .
The hippocampal pyramidal neuron layers in general and CA3 in particular express an abundance of transcripts related to glucose metabolism, confirming hints from other profiling studies of the hippocampus (Datson et al., 2004; Lein et al., 2004) . This is interesting given the exquisite vulnerability of pyramidal neurons to damage caused by extended seizures and ischemia (Pulsinelli et al., 1982; Schreiber and Baudry, 1995) , both of which place dramatic metabolic stress on neurons. Even at baseline, high spontaneous firing rates in pyramidal neurons result in high metabolic demand (Biscoe and Duchen, 1985) , and metabolic activation is tightly associated with states of high activity frequently seen in hippocampal pyramidal neurons (Csicsvari et al., 2000; Csicsvari et al., 2003; Huchzermeyer et al., 2008) . We and others have previously demonstrated that an abundance of energy metabolism transcripts is a marker for high susceptibility to metabolic insults in midbrain dopamine neurons, suggesting that high metabolic activity may be a generalizable marker for neuronal susceptibility to seizures, ischemia, and other neurodegenerative insults (Chung et al., 2005; Greene et al., 2005) . CA1 and CA3 pyramidal neurons differ anatomically and biophysically from each other as well as from dentate granule cells (Carnevale et al., 1997) . This is mirrored by differential expression of numerous transcripts involving cell shape and ion channels ( Supplementary  Table 1 ). For example, the α1C and α1B Ca 2+ channel subunits are more prominent in CA3 than CA1, as are the KCNMB4 and KCNA1 potassium channel transcripts, and KA1, GluR3 and mGluR1 glutamate receptor transcripts. As mentioned above, the extensive differences in gene expression between CA1 and CA3 observed in this study were somewhat unexpected since both layers consist mainly of pyramidal neurons, which use glutamate as their primary neurotransmitter, and are derived from similar precursors in the ammonic neuroepithelium (Altman and Bayer, 1990) . Nevertheless, nearly 20% of transcripts were expressed differently between them, with nearly 400 different by a factor more than two.
Obvious differences in the transcriptional profiles of hippocampal pyramidal neurons have recently been described (Lein et al., 2004) ; however, the current data indicate that expression differences are much more pervasive than previously suspected.
The most striking area of distinction between the CA1 and CA3 neuron layers was that transcripts encoding proteins involved in synaptic function and transmitter release were more abundant in CA3. This difference likely contributes to the extensive synaptic remodeling capacity inherent in the Schaffer-CA1 synapse insofar as the plastic potential of the presynaptic terminals is supported by possession of the machinery necessary to induce such synaptic changes. For example, numerous transcripts encoding synaptic vesicle proteins or proteins involved in exocytosis are more highly expressed in CA3 than CA1 (e.g., CPLX1, CPLX2, NSF, SYN2, SV2A, SNAP25, STX1A, SYNJ1, CADPS). Neurexin 1 (NRXN1) and neurotrophin 3 (NTF3), which promote synapse stabilization, are also overexpressed in CA3 relative to CA1. High levels of synapse-related transcripts are likely a marker for the high level of synaptic neuronal activity observed in CA3 pyramidal neurons and correlate with their vulnerability to seizure-induced damage.
In conclusion, this study provides new and complex anatomical knowledge about the organization of the rodent hippocampus and supports a novel framework for interpreting regional differences in hippocampal neuron function and vulnerability to insults.
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Figure 1. Differential gene expression between hippocampal cell layers
A. Photomicrographs depicting coronal hippocampal sections after LCM of DG granule neurons (left) and CA3 pyramidal neurons (right). Corresponding inserts show isolated neuronal layers. B. Unsupervised hierarchical clustering using all expressed genes differentiates the three main hippocampal cell layers based on gene expression profile alone. C. Close correlation of gene expression between two DG samples, despite the fact that they are from two different animals from different sacrifice days. D. Lower correlation between DG and CA1 samples from the same animal.
Figure 2. Hierarchical clustering of differentially expressed genes
Each cell in the heat map represents the expression level of a gene (row) in a single sample (column). Note that samples cluster together based on gene expression profile and that genes cluster together into groups based on similar regional expression profiles. Every potential pattern of differential expression between the major hipocampal cell layers is apparent. Each cell in the heatmap represents the expression level of a gene (row) in a single sample (column). N=8 for both DG and CA3 samples and N=9 for CA1 samples. Deep red reflects higher expression of the transcript, whereas deep blue represents lower expression. Note the primary distinction between DG and pyramidal neurons, but also quantitative differences between CA1 and CA3.
Figure 5. Concerted and categorical differences in transcript abundance between hippocampal cell layers
A. GO classifications different between dentate and pyramidal neuron layers (CA1 and CA3) B. GO classifications different between CA1 and CA3. All categories are significantly different with p < 0.01 by Fisher's exact test. X-axis labels represent numbers of transcripts higher in each layer.
Figure 6. Transcripts highly specific to individual hippocampal cell layers
A. Example of a transcript specific for CA1. B. Example of a transcript enriched in CA3. C. Example of a transcript specific for DG. Transcript level is strikingly different between the cell layers and consistent within a given layer. Genes expressed by minor cell populations in hippocampal cell layers. Comparison of array results with the Allen Brain Atlas. Gene sets enriched in hippocampal cell layers. Tr GSEA of hippocampal cell layers. Geneset name is from MSigDB 1.0. Size is the number of genes from the geneset that are expressed in our dataset. Core is the number of genes in the 'leading edge' of the gene set; a higher ratio of core to total genes indicates a more robust enrichment. P-value and False Discovery Rate are measures of the significance of the enrichment in one region as compared to the other two. Seceral broad classes of gene sets were prominently represented: Transcription and MAPK signaling in DG and Metabolism of glucose in CA3.
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